Flares produce sudden and permanent changes in the horizontal photospheric magnetic field. In particular flares generally produce increased magnetic shear in the photospheric field along the neutral line. Recent observations show also that flares can produce sudden photospheric motion. We present a model for the observed changes as the response of the photosphere to a large-amplitude shear Alfvén wave propagating down from the corona on either side of the neutral line. The Alfvénic front is assumed to impact the photosphere close to the neutral line first, and then successively further away with time, such that the line of impact coincides with the flare ribbon. The wave introduces magnetic shear and velocity shear. The magnetic shear introduced at the photosphere has the same sign on either side of the neutral line, while the velocity shear has the opposite sign. We discuss the possibility that this process is responsible for particle acceleration in flares.
INTRODUCTION
During the impulsive phase of a solar flare, magnetic energy is converted into other forms of energy in the solar corona. The accepted mechanism underlying flares is magnetic reconnection, a process in which coronal magnetic field lines change their connectivity. Despite decades of investigation, many details of the flare process remain poorly understood (Benz 2017) .
It is difficult to measure the coronal magnetic field directly, but photospheric magnetic field measurements have revealed that flares produce sudden and permanent changes in the observed magnetic field (e.g. Sudol & Harvey 2005) . The most detailed information comes from vector magnetogram measurements, which show that the predominant change in a flare occurs in the horizontal magnetic field, which tends to increase parallel to the neutral line, i.e. the magnetic shear along the neutral line increases (Wang et al. 2012; Petrie 2012) . There are corresponding sudden changes in the electric current density close to the neutral line (e.g. Janvier et al. 2016 ).
The observations have been interpreted as the photospheric response to coronal magnetic restructuring during the flare. Changes in the photospheric field values imply changes in the net Lorentz force on the corona (which can be calculated from the boundary values of the field), and the values of the changes have been used to interpret the effect of the flare in the corona (Fisher et al. 2012; Petrie 2016; Xu et al. 2016) . Liu et al. (2016) reported a striking example of changes at the photosphere during the 22 June 2016 M6.5 flare: a sunspot was observed to rotate suddenly in response to the passage of a flare ribbon across the spot. The observations confirm that coronal field changes can produce not only photospheric field changes, but also substantial induced motion of the dense photosphere, contrary to general expectations (Aulanier 2016) . Other examples of flare-induced sunspot rotation have also been reported, including the case of a sunspot reversing its direction of rotation .
Hard X-ray (HXR) observations of flares imply that a significant fraction of the released energy goes into accelerated electrons with energies 10 − 100 keV (Benz 2017) . It is generally assumed that the electrons originate high in the solar corona, perhaps at the site of magnetic reconnection, and then follow field lines down to the dense lower atmosphere, where they produce hard X-rays via thick-target bremsstrahlung (Brown 1971) . However, this picture for HXR production suffers from the "number problem." Because the electrons originate in the low-density corona, the implied particle fluxes at the low atmosphere would evacuate electrons from a substantial volume above an active region during a flare (Brown 1976) . A return current of electrons from the dense chromosphere to the corona is required, but this also introduces problems. The observations of flareinduced photospheric motion imply that energy is also transported from the corona to the photosphere in other forms. The photospheric changes occur behind the flare ribbons, the site of hard X-ray emission, which suggests a more direct connection between the magnetic field change at the photosphere and the acceleration process.
In this article we present a simple 2D magnetohydrodynamic model for the response of the photosphere to a flare, in terms of a large-amplitude shear Alfvén wave produced by coronal reconfiguration impacting the photosphere, and introducing a magnetic and velocity shear close to the neutral line. To motivate the model we return to the observations of the 22 June 2015 event (Section 2). We present a summary analysis of the observations, as well as the results of nonlinear force-free modeling. In Section 3 we give the details of the model, and in Section 4 we discuss the model results, and a possible connection to electron acceleration in flares. In Section 5 we draw conclusions.
22 JUNE 2015 FLARE
On 22 June 2015 an M6.5 flare occurred in NOAA AR 12371 (event SOL2015-06-22T18:23), accompanied by an eruption and a halo CME. A description of various observations of the flare, and an interpretation of events in terms of a reconnection model, is given in Jing et al. (2017) . Liu et al. (2016) presented observations with the high resolution 1.6m Goode Solar Telescope at Big Bear Observatory which show that the 22 June flare caused a sudden rotation of a sunspot to the east of the neutral line involved in the flare. The spot was observed to rotate differentially as the flare ribbon swept across the spot. The rotation was interpreted in terms of a torque exerted on the photosphere by the coronal magnetic field (Aulanier 2016) . Figure 1 shows vector magnetogram data from the Helioseismic and Magnetic Imager on the Solar Dynamics Observatory (SDO/HMI). We use the Spaceweather HMI Active Region Patch (SHARP) data with cylindrical equal area projection (hmi.sharp_cea_720s). The top row shows data before the flare (17:34UT) and the bottom row shows data after (18:58UT). The left-hand column shows the locally vertical component of the magnetic field, B z , and the right-hand column shows the vertical component of the electric current density J z at locations where the signal-to-noise ratio in J z is greater than one. In the panels showing J z , the neutral line is indicated by a black solid curve.
The data in Figure 1 show the sudden appearance, coincident with the flare, of a patch of negative electric current density with magnitude |J z | 50 mA/m 2 at the location of the rotating sunspot. Figure 2 illustrates the corresponding change in the horizontal field B h = (B x , B y ). Panel (a) shows the vector change ∆B h between the two times (before and after the flare) shown in Figure 1 . The field of view is a smaller than in Figure 1 , centred on the neutral line. Panel (b) shows the magnitude of the change, |∆B h |. Panel (b) also shows contours of B z at levels −1600, 0, and 1600 gauss, which allow identification of the locations of the large changes in B h . The flare is seen to introduce a strong shear component along the neutral line, generally directed in the southward direction. The shear is particularly strong close to the neutral line near the sunspot penumbra which rotates. The maximum change in the horizontal field is ≈ 1000 gauss. The data show that the flare introduces a strong shear component in the horizontal photospheric magnetic field along the neutral line. The photospheric plasma is also set in motion. The increased shear in the field at the photosphere is assumed to be caused by the introduction, due to the flare, of a horizontal field component in the overlying corona, which is then imposed on the photosphere.
Using magnetograms obtained in the near infrared, Xu et al. (2018) also identified, during the 22 June 2015 flare, photospheric locations with transient changes in the azimuthal direction of the horizontal magnetic field. The changes occurred when the flare ribbons propagated across the sites.
To investigate the changes in the corona, we performed nonlinear force-free field (NLFFF) modeling of the magnetic field in the corona from the SHARP data, using the CFIT code (Wheatland 2007 ) with the self-consistency procedure (Wheatland & Régnier 2009; Wheatland & Leka 2011) . (d) show the field lines close to the neutral line before and after the flare, respectively (red) as well as streamlines of the current density (yellow). The self-consistent solution is a close approximation to a force-free field, so the electric current density is everywhere parallel to the magnetic field. We note that results of NLFFF modeling for this region prior to the 22 June 2015 flare have also been presented by Wang et al. (2017) . The results of our NLFFF calculations will be presented in more detail in a future publication.
3. MODEL
Shear Alfvén Wave
We consider a simple 2-D model representing the response of the low solar atmosphere to a flare. Figure 4 illustrates the geometry of the model. The z-axis is the direction of the local vertical. The x-y plane represents the photosphere. The field lines shown indicate the local vertical component of the magnetic field. Before the flare, the field is assumed to be locally purely vertical, so B y = 0. The flare is assumed to introduce a shear component (B y = 0), consistent with the discussion in Section 2. The shear propagates down from above, behind an Alfvénic front, moving in the −z-direction with the local Alfvén speed v A1 . The observations of differential sunspot rotation in AR 12371 presented by Liu et al. (2016) showed clearly that the photosphere was set into motion behind the moving flare ribbon. To reproduce this aspect of the obervations we assume that the Alfvénic front is at an angle θ 1 to the x axis, as shown. The y-axis (directed into the page) is the location of the intersection of the front and the photosphere at the instant shown. The point of intersection moves to the right with time, representing the motion of the flare ribbon. This initial field configuration might be initiated by a process of reconnection which proceeds first for field lines with foot points close to the neutral line, and later for field lines with foot points further away from the neutral line.
To represent this model we assume a magnetic field of the form
where B 0 is the magnitude of the constant vertical field, and B y (x, z, t) is the shear component. We assume also the form for the fluid velocity
where v y (x, z, t) is the flow associated with the shear. With the assumed forms (1) and (2), the y-component of the MHD equation of motion is
where ρ 1 is the (assumed constant) coronal plasma density, and the ideal MHD induction equation is
Equations (3) and (4) imply that both B y and v y satisfy 1-D wave equations, e.g.
for B y , where v A1 = B 0 / √ µ 0 ρ 1 . Equation (5) has the solution B y = f (z + v A1 t) for any function f . This is the downward-propagating d'Alembert solution. The model shown in Figure 4 is reproduced with the specific choice:
where θ is the step function, B 1 is the shear component of the field, and time t = 0 corresponds to the instant shown in Figure 4 . The corresponding velocity follows from Equations (3) or (4):
The shear Alfvén wave introduces a velocity shear
This is the Walén relationship for a shear Alfvén wave propagating in the same direction as the background field. The front introduces a horizontal component in the magnetic field and sets the fluid into motion. The power to do this is provided by a Poynting flux behind the front, directed downwards. To see this note that the electric field behind the front is E = −v ×B = v 1 B 0x = −v A1 B 1x . The Poynting flux is
The increase in energy per unit time and per unit area in the x − y plane due to the introduction of the shear component of the magnetic field at the front is given by
Similarly the power per unit area associated with the kinetic energy introduced at the front is given by
and using v 1 = −v A1 B 1 /B 0 we have
Equations (10)- (12) are independent of θ 1 because in a time ∆t the front crosses an area in the x − z plane, per unit length in x, which depends only on v A1 ∆t.
Hence we have P B1 = P K1 and |P P1 | = P B1 + P K1 . The Poynting flux accounts for the increase in magnetic and kinetic energy at the front, and there is the usual equipartition between magnetic and kinetic energy in a shear Alfvén wave.
Photospheric Response
To model the photospheric response, we represent the sub-photosphere (z < 0) as a region with (uniform) plasma density ρ 2 and Alfvén speed v A2 . We again treat the plasma as being ideal, so that Equations (1)-(5) describe the magnetic field and velocity shear in the subphotosphere, with ρ 1 and v A1 replaced by ρ 2 and v A2 .
When the front reaches the photosphere it is partly reflected and partly transmitted. Figure 5 illustrates the situation at a time t > 0. The downward propagating front reaches the photosphere at the point P, located at x P = v A1 t/ tan θ 1 . For x < x P there are reflected and transmitted fronts in the corona and sub-photosphere respectively. The front moves more slowly in the subphotosphere, so the transmitted front is inclined at an θ 2 to the x-axis, where v A1 / tan θ 1 = v A2 / tan θ 2 .
We assume the field and velocity shear components between the fronts in the region x < x P are B y = B 2 and v y = v 2 respectively. The horizontal component of the magnetic field must be continuous across the photospheric boundary because there cannot be a static current in the boundary. The horizontal velocity component in the model must also be continuous across the boundary.
The shear component of the field in the corona after reflection (the region x < x P and z ≥ 0) is given by Applying Equation (3) gives
(14) Ahead of the reflected front we require v y = v 1 = −v A1 B 1 /B 0 , so Equation (14) implies
The shear component of the field in the subphotosphere after transmission (the region x < x P and z < 0) is given by
Applying Equation (3) gives
Equations (14) and (17) must match at z = 0, which implies
Equations (15) and (18) imply
These relations define the photospheric response in the model. In the limit of an infinitely dense photosphere (v A2 → 0) we have B 2 → 2B 1 and v 2 → 0: the shear Alfvén wave is completely reflected. Otherwise, the wave is partly transmitted and partly reflected, with B 2 > B 1 and v 2 < v 1 . In the model the shear Alfvén wave is propagating in the direction of the field. Equations (8) and (18) relate the velocity and field amplitudes in the wave. We have v i = −v Ai B i /B 0 , with i = 1, 2. If a shear Alfvén wave is propagating in the opposite direction to the field the relationships are v i = v Ai B i /B 0 with i = 1, 2. This situation applies if we consider an Alfvénic front also propagating down from the corona to the photosphere on the opposite side of the neutral line. On the negative polarity side of the neutral line, the shear components of the field and the fluid flow behind the front have a different sign, and on the positive polarity side they have the same sign. This may also be understood in terms of the Poynting flux. On both sides of the neutral line the Poynting flux is directed downwards, to provide the energy for the changes in the field and flow. For the given geometry the z-component of the Poynting vector is P P = −v y B y B z /µ 0 , so if B z is positive, a downwards (upwards) directed Poynting flux implies v y B y > 0 (v y B y < 0).
Currents in the Model
The electric current density for the model geometry is
The model includes surface currents in the Alfvénic fronts, and, if dB 1 /dx and dB 2 /dx are non-zero, a vertical current density behind and between the fronts. If we consider the currents at the photosphere (z = 0), then, applying Equation (20), we find a surface current at the location of the front:
and a vertical current density behind the front:
Equation (22) represents the current density which appears close to the neutral line after the flare, as seen in Figure 1 . The observed current density has an average value J BF z ≈ −25 mA/m 2 . This implies a gradient in the shear dB 2 /dx = µ 0 J BF z ≈ −3.1 × 10 −8 T/m. The current density which appears has a lateral extent of order L ≈ 5 ′′ ≈ 3.6 × 10 6 m, so over this length scale the field gradient implies a change in the field of about (dB 2 /dx)L ≈ 1100 gauss (0.11 T), which is consistent with the changes seen in Figure 2 . Hence the simple model gives a consistent description of the observed changes in the field and the associated currents.
DISCUSSION
The model presented here is highly simplified, but it is able to represent observed features of the photospheric response to a flare. In the model, an increased magnetic shear is introduced along the neutral line due to a downward propagating shear Alfvén wave, with the change occurring at the photosphere behind a moving front. The increase in magnetic shear coincides with the appearance of velocity shear, which is oppositely directed on either side of the neutral line, and also with the appearance of a vertical current density, in the case that the magnetic shear varies with distance from the neutral line.
The model is 2-D, but the actual geometry is of course more complex. Figure 2 shows that the rotating sunspot in AR 12371 involves changes in the horizontal field at the photosphere which curl around the spot. However, the simple model provides a basis for understanding the real process.
The wave equation is lossless, so the changes introduced by the shear Alfvén wave are reversible. The constant values B 1 and v 1 of the shear components of the magnetic field and flow in the initial downwardpropagating wave can be thought of as being maintained by boundary conditions above, at an upper boundary at z = L, say. The model has B y (x, z = L, t) = B 1 for t > 0, until the time at which the reflected front returns to z = L. The boundary conditions can be thought of as a continual driving at z = L. If the driving switches off [B y (x, z = L, t) = 0] a new front is launched which removes the shear components below. This is a somewhat artificial aspect of the model, but the model is intended only to show how a shear Alfvén wave can introduce sudden sub-photospheric changes matching the flare observations. Accurate modeling of the longer-time evolution of the system is expected to require a more realistic geometry, and explicit prescription of the boundary and initial conditions. Also, a more realistic model should include loss, and this can produce irreversible change.
Based on magnetograms constructed in the nearinfrared, Xu et al. (2018) reported transient horizontal field changes in the 22 June 2015 flare, as well as the permanent changes discussed here. The transient changes occurred at certain locations close to the neutral line, as the flare ribbons passed. The authors argued that the changes may be due to torsional Alfvén waves generated by reconnection propagating down from above. This picture is similar to the model developed here. In our model, transient changes can be produced by impulsive, rather than continual, driving from above, so in principle the model can account also for changes of this kind.
The relationship between the change in the magnetic field and the velocity at the photosphere in the model is v 2 /v A2 = −B 2 /B 0 . Assuming a photospheric mass density ρ 2 = 5 × 10 −4 kg/m 3 and a vertical field B 0 = 1000 gauss (0.1 T) gives an Alfvén speed v A2 = 4 × 10 3 m/s. The flow velocities for AR 12371 obtained by tracking (Liu et al. 2016; Wang et al. 2018 ) are v 2 ≈ 0.1 − 1 × 10 3 m/s. The shear wave relationship then implies |B 2 | ≈ 25 − 250 gauss, which is consistent with the observations (see Figure 2) . Hence the shear-wave model accounts for the relative sizes of the observed changes in the photospheric magnetic field and plasma motion.
The shear Alfvén wave has a downwards-directed Poynting flux P P1 = v A1 B 2 1 /µ 0 in the corona. We can estimate the total implied energy deposition during the flare from the observations for AR 12371. Figure 2 implies a change in the horizontal field B 2 ≈ 200 gauss = 2 × 10 −2 T over an area around the neutral line
−2 T. Assuming a coronal Alfvén speed v A1 ≈ 10 6 m/s the implied power is P P1 A ≈ 8 × 10 22 W. Over the time scale T = 60 s of the flare this implies deposition of a total energy P P1 AT ≈ 5 × 10 24 J, which is comparable to the total energy in a large flare. Liu et al. (2016) used flows obtained by tracking to calculate the Poynting flux at the photosphere in AR 12371 over a more limited area, and identified a net downwards flux during the flare with total energy 1.6 × 10 23 J. The changes observed at the photosphere occur behind the moving flare ribbons, which coincide with the location of hard X-ray production at the photosphere (Jing et al. 2017 ). An intriguing possibility is that the changes in the low atmosphere play a role in particle acceleration. In the model the Alfvénic front carries a surface current. The current density in the front implied by Equation (21):
may be large if the thickness ℓ of the front is small. In the low atmosphere the gas is partially ionised, and has a conductivity much less than the fully-ionised corona. This allows the possibility of a significant field-aligned electric field. The classical parallel conductivity is dominated by the contribution from electron-neutral collisions (Huba 2013) :
where n e is the electron number density, and ν ne is the electron-neutral collision frequency. The field-aligned electric field implied by this conductivity is
A critical electric field for electron runaway may be estimated by the balance between the electric force and the drag force due to collisions of a thermal electron with neutrals:
The ratio of the field-aligned electric field due to the current density in the front and the critical field is
We can estimate this ratio using chromospheric values for the atmospheric parameters:
10 −2 T 10 m ℓ
. (28) This suggests that the electric field may exceed the critical field if the front has a sufficiently narrow width (≈ 10 m). This estimate relies on the use of the classical conductivity/collision frequency: it is also possible that an anomalous resistivity associated with an effective collision frequency due to turbulence or microphysical structures is relevant, in which case the width could be much greater (e.g. Haerendel 2012) . If the shear Alfvén wave produces electron acceleration in the low atmosphere, then energy is transported Alfvénically from the corona, and then locally dissipated. This idea has been proposed before (e.g. Fletcher & Hudson 2008; Melrose & Wheatland 2013 ). An attractive feature of this picture is that it avoids the number problem posed by acceleration in the corona. A prediction of the present model is that the field aligned electric field component is directed downwards (towards the photosphere) on one side of the neutral line, and upwards (away from the photosphere) on the other side. Hard X-ray production by bremsstrahlung will then occur predominantly at the foot point with the field directed upwards, which implies an asymmetry in hard X-ray production at the two flare ribbons on either side of the neutral line. For the configuration shown in Figures 4 and 5, with the shear field B 1 in the y-direction on the negative polarity side of the neutral line, the electric field is directed downwards in the front [Equation (25)]. Hence the HXR production is expected to occur predominantly on the other (positive) polarity side. However, if the shear field is instead in the negative y-direction on the negative polarity side, this is expected to be the side where most hard X-rays are produced. In the present model we assume that a shear component of the field is introduced close to the neutral line by a downward-propagating shear Alfvén wave. There are specific models for eruptions which involve the appearance of sheared fields along the neutral line after a flare/eruption. In the "tether-cutting" model, reconnection of field lines close to the neutral line leads to the formation of low-lying, sheared loops (Moore et al. 2001 ). In the "magnetic implosion" picture (Hudson 2000) a reduction in magnetic pressure due to loss of magnetic energy is assumed to lead to a more compact magnetic structure over the neutral line, with more horizontal fields. These models attempt to explain the origin of the increased shear in the corona. We have not tried to do that, but have instead focused on how the shear is transmitted from the corona to the sub-photosphere.
CONCLUSIONS
We present a 2-D model which explains the sudden appearance of magnetic and velocity shear at the photosphere during a flare in terms of a downwards-directed large amplitude Alfvén shear wave impacting the photosphere on either side of the neutral line. The shear Alfvén wave is assumed to be produced by magnetic field reconnection in the flare. Although the wave propagates vertically downwards, the front is assumed to be inclined to the photosphere, so that the front arrives first at locations closer to the neutral line. This is intended to reproduce the observations of a sudden pho-tospheric response to a flare behind spreading flare ribbons (Liu et al. 2016) .
The model front is transmitted and reflected at the photosphere, and the transmitted wave introduces a horizontal component in the magnetic field, and a horizontal flow, beneath the photosphere. In principle this can account for the surprising observations of sudden motion of the photosphere in response to a flare (Aulanier 2016) . The model predicts that the shear introduced by the wave in the photospheric magnetic field has the same sign on either side of the neutral line, whereas the velocity shear has the opposite sign. Also, the total energy deposited in the photosphere by the shear Alfvén wave is comparable to the flare energy. We speculate that the sudden changes in the magnetic field in the low atmosphere are associated with particle acceleration in the flare.
The model is highly simplified, but in principle it can account for a range of effects due to a flare. It remains to work out the details, and to develop more detailed models.
